INTRODUCTION {#h0.0}
============

With approximately 10^14^ bacterial cells ([@B1]) populating the human gastrointestinal (GI) tract, scientific investigations have uncovered that interkingdom interactions play an important role in maintaining homeostasis ([@B2][@B3][@B4]). However, the normal microbiome can also elicit a dysregulated immune response that can be a source of pathogenicity in inflammatory bowel diseases, most commonly Crohn's disease and ulcerative colitis. In the GI tract, intestinal epithelial cells (IECs), which are an important part of the innate immune system, act as a bridge to the adaptive immune system through their expression and secretion of inflammatory cytokines. IECs initiate this mechanism through pathogen-associated molecular pattern (PAMP) receptors, such as Toll-like receptors (TLRs) and nucleotide-binding oligomerization domain (NOD) receptors, which recognize bacterial products, such as lipopolysaccharides (LPSs), flagella, and peptidoglycan. These receptors activate signaling pathways, mainly through the transcription factor NF-κB, that culminate in the production of cytokines ([@B5][@B6][@B7]). As the first point of contact, IECs are continuously exposed to huge numbers of eubacteria (10^10^ to 10^12^ cells per g) in the colon ([@B8]) and therefore play an important role in bacterium-host communication ([@B9][@B10][@B11]).

An understanding of the mechanisms of response and communication between the secretomes of epithelial cells and bacteria can aid in the understanding of the evolutionary biology of signal development as well as interventional design strategies for maintaining homeostasis ([Fig. 1](#fig1){ref-type="fig"}) ([@B11], [@B12]). Moreover, signals that coordinate phenomena among bacteria (e.g., quorum sensing \[QS\]) and signals that mediate bacterium-IEC interactions are of particular interest, as these communication networks are involved in pathogenesis and the progression of disease ([@B10], [@B13], [@B14]). Commensurate with the need to understand this interkingdom communication, there have been many studies exploring the effects of nonpathogenic, commensal strains of bacteria on human cells ([@B15][@B16][@B19]). However, most of these involved direct bacterium-IEC interaction, and those that investigated the secretome did not determine a global transcriptomic or proteomic response, leaving the effects of bacterial secretions to be largely unexplored. We have characterized the effects of the *Escherichia coli* secretome, which is well represented in the colon ([@B20]), through the use of a transwell that separates bacteria from epithelial cells while allowing small molecules and proteins to pass, and we have employed transcriptome sequencing (RNA-Seq) because it provides several advantages over DNA microarrays, including lower background noise, an absolute transcript count, and higher resolution ([@B21]). By determining the global transcriptomic response of IECs to bacterial incubations in a system that allows only indirect contact, we can then more closely investigate the commonalities of interkingdom communication.

![Interkingdom communication between the microbiome and the host in the GI tract. (a) Quorum-sensing (QS) molecules coordinate actions among bacteria. (b) Secretomes of bacteria, including QS molecules, affect the host\'s cellular machinery. (c) Epithelial cells secrete signals to neighboring and distant cells through signaling molecules. (d) Soluble factors secreted by the host affect bacteria.](mbo0011521970001){#fig1}

In this work, we exposed nonpathogenic strains of two Gram-negative, group A *E. coli* strains, BL21 and W3110, grown in the upper chamber of a transwell, to the IEC line HCT-8, cultured in a monolayer beneath the transwell. BL21, a B strain derivative, and W3110, a K-12 strain derivative, have significantly different transcriptomes and proteomes, leading to important phenotypic differences ([@B22], [@B23]). Our investigations show that the secretome of either BL21 or W3110 activated the cytokine-cytokine receptor pathway (e.g., interleukin 8 \[IL-8\] and tumor necrosis factor \[TNF\]), while also upregulating the negative-feedback regulators in NF-κB and NOD-like signaling pathways, namely, the NF-κB α subunit (Iκβα) and TNFAIP3, respectively. The upregulation of cytokines that activate the immune system as well as negative-feedback regulators that reduce the transcription of these cytokines may be part of the normal physiological response using a negative-feedback loop ([@B24]), without which uncontrolled stimulation of inflammatory cytokines would lead to damaging inflammation in the host ([@B2], [@B24]).

The role of AI-2 was investigated further by incubating the *in vitro*-synthesized signal molecule at various concentrations and time periods with IECs in follow-up studies. The inflammatory cytokine IL-8, which plays an important role in attracting neutrophils, was found to be initially upregulated at all concentration levels of AI-2 tested (50, 150, and 400 µM) at 6 and 12 h postaddition. IL-8 was subsequently significantly reduced at all concentrations relative to levels in the control after 24 h. These data support a hypothesis that AI-2 is an IEC signaling molecule and that bacterial secretions, including AI-2, may have an initial transcriptional inflammatory response that is downregulated through alternative mechanisms, possibly including the negative regulators NF-κB-α and TNFAIP3.

RESULTS {#h1}
=======

The secretomes of BL21 and W3110 cause differential gene expression in HCT-8 cells. {#s1.1}
-----------------------------------------------------------------------------------

In this study, we explored the transcriptomic changes of coincubations of BL21 and W3110 in a transwell model with the IEC line HCT-8. We chose a coincubation model, instead of using conditioned medium, because bacteria themselves are affected by secretable molecules from mammalian cells, and we chose to include any such cross talk ([@B25], [@B26]). Toward this end, overnight cultures of BL21 and W3110 were reinoculated in fresh medium in the upper chamber of the transwell, and blank medium alone was used as a negative control ([Fig. 2A](#fig2){ref-type="fig"}). The 0.4 µM transwell does not allow measurable amounts of bacteria to pass through the upper chamber (verified through optical density measurements of the lower chamber) but is large enough to allow metabolites and signaling molecules to pass. After 6 h of coincubation, both bacterial strains reached similar cell densities (optical density at 600 nm \[OD~600~\] of \~1 \[data not shown\]), and IECs appeared visibly intact, with a cell viability assay showing less than 5% cell death (data not shown). The RNA of the HCT-8 cells was extracted, and cDNA libraries were created from polyadenylated RNA.

![(A) HCT-8 epithelial cells were grown to confluence and then incubated with BL21, W3110, or medium alone in the upper chamber of a transwell. After 6 h of incubation, the RNAs of the epithelial cells were extracted and sequenced. (B) Downstream RNA-Seq pipeline for analysis of sequencing data (brown boxes indicate the open-source program). (C) Results of mapping HCT-8 NGS transcripts to a RefSeq annotated human genome, hg19. Five biological replicates were performed with the software TopHat. (D) Genes differentially expressed as determined by using the software DESeq. There were 542 DE genes between HCT-8 cells incubated with BL21 and those incubated with blank medium, and 481 DE genes between HCT-8 cells incubated with W3110 and those incubated with blank medium. We found 280 DE genes between HCT-8 cells incubated with BL21 compared to those incubated with W3110. Of the 542 DE genes in incubations with BL21 compared to blank medium and 481 DE genes in incubations with W3110 compared to blank medium alone were 214 differentially expressed genes common to incubations with either bacteria compared to blank medium.](mbo0011521970002){#fig2}

The cDNA libraries from each condition were sequenced via NGS (Next Generation Sequencing) and then analyzed (see Materials and Methods) with downstream statistical software ([Fig. 2B](#fig2){ref-type="fig"}). We performed five biological replicates, each constituting an average of over 60 million 100-bp paired-end reads mapping to hg19, a RefSeq annotated human genome ([Fig. 2C](#fig2){ref-type="fig"}). Mapping sequenced reads to the genome was performed using TopHat ([@B27]) (which uses a built-in alignment tool) and Bowtie ([@B28]) (which maps the cDNA reads to the reference genome). TopHat then aligns reads that did not initially align because of a splicing event and discards reads that cannot be aligned. The aligned reads were input into the open-source software DESeq ([@B29]), which was used to determine significantly differentially expressed (DE) genes (Benjamini-Hochberg-adjusted *P* values were below 0.05).

DESeq results indicated that BL21 and W3110 caused 542 and 481 differentially expressed genes to be up- or downregulated compared to their expression in blank medium, and 280 were differentially expressed between BL21 and W3110 bacterial incubations. Common to the 542 genes that were differentially expressed in incubations of BL21 compared with blank medium alone and the 481 genes that were differentially expressed in W3110 compared with blank medium alone were 214 differentially expressed genes ([Fig. 2D](#fig2){ref-type="fig"}). A closer examination of differentially expressed transcriptional levels between the three direct comparisions illustrate that the majority of differentially expressed fold changes were small-magnitude (\<2-fold) differences ([Table 1](#tab1){ref-type="table"})**.** With five biological replicates, we were able to determine significant differential gene expression between conditions that displayed these small differences (for complete differential-expression data, see [Tables S1](#tabS1){ref-type="supplementary-material"}[to](#tabS2){ref-type="supplementary-material"}[S3](#tabS3){ref-type="supplementary-material"} in the supplemental material). Additionally, we selected 8 genes that spanned a wide range of expression for quantitative PCR (qPCR) verification and measured transcriptional levels with qPCR, which showed a high degree of correlation, as expected ([Fig. S1](#figS1){ref-type="supplementary-material"}).

###### 

DE genes in HCT-8 cells in incubations with BL21, W3110, or medium alone[^a^](#ngtab1.1){ref-type="table-fn"}

  Incubation conditions   No. of upregulated genes   No. of downregulated genes   Total no. of DE genes[^b^](#ngtab1.2){ref-type="table-fn"}                               
  ----------------------- -------------------------- ---------------------------- ------------------------------------------------------------ ----- ----- ---- ---- ----- -----
  BL21 to medium          154                        45                           42                                                           241   262   26   13   301   542
  W3110 to medium         154                        28                           21                                                           203   166   26   86   278   481
  BL21 to W3110           66                         33                           126                                                          225   39    14   2    55    280

FC, fold change.

DE is determined using the open-source software DESeq. All genes listed have a Benjamini-Hochberg-adjusted *P* of \<0.05.

BL21 and W3110 activate the cytokine-cytokine receptor pathway. {#s1.2}
---------------------------------------------------------------

The biological implications of these differentially expressed genes were determined using signaling pathway impact analysis (SPIA) software ([@B30]). SPIA uses overrepresentation analysis (the prevalence of genes different from all background genes), functional class scoring (the similarity of functions of genes differentially expressed), and pathway topology (*a priori* knowledge of signaling pathways) to identify activated or inhibited pathways (see [Fig. S2](#figS2){ref-type="supplementary-material"} in the supplemental material).

Since epithelial cells are often damaged through extracellular stimuli, they often initiate inflammation through the release of cytokines ([@B31]). The cytokine-cytokine interaction pathway is regulated through the chemokine and NF-κB pathways, and as expected, these pathways were activated in both bacterial incubations ([Table 2](#tab2){ref-type="table"}). The Toll-like receptor (TLR) pathway is not listed in [Table 2](#tab2){ref-type="table"}, as the pathway was not activated. It has been shown that TLR receptors in colonic IECs, unlike other types of epithelial cells, develop tolerance after exposure to PAMPs, such as LPS and lipotechnoic acid (LTA) ([@B32], [@B33]), and activate the TLR pathway only after being primed with interferon gamma (IFN-γ) ([@B34]).

###### 

Activated or inactivated pathways of DE genes[^a^](#ngtab2.1){ref-type="table-fn"}

  Incubation conditions   Interaction, KEGG pathway, or disease    *P* value[^b^](#ngtab2.2){ref-type="table-fn"}   Status
  ----------------------- ---------------------------------------- ------------------------------------------------ -----------
  BL21 to medium          Cytokine-cytokine receptor interaction   9.27E--06                                        Activated
                          Chemokine signaling pathway              4.06E--04                                        Activated
                          Osteoclast differentiation               3.58E--03                                        Activated
                          NF-κB signaling pathway                  1.10E--02                                        Activated
                          HTLV-I infection                         1.18E--02                                        Activated
                          Chagas disease                           4.10E--02                                        Activated
                          NOD-like receptor signaling pathway      5.48E--02                                        Inhibited
  W3110 to medium         Cytokine-cytokine receptor interaction   4.26E--05                                        Activated
                          Chemokine signaling pathway              1.81E--04                                        Activated
                          NOD-like receptor signaling pathway      1.93E--04                                        Inhibited
                          HTLV-I infection                         2.67E--04                                        Activated
                          Epstein-Barr virus infection             4.10E--04                                        Activated
                          NF-κB signaling pathway                  7.94E--04                                        Activated
                          Osteoclast differentiation               5.47E--02                                        Activated

DE genes were input into SPIA (signaling pathway impact analysis) software to determine activated or inactivated pathways. Incubations of BL21 compared to those with medium alone resulted in the modulation of seven annotated KEGG pathways, and incubations of W3110 compared to those with medium alone also resulted in the modulation of seven annotated KEGG pathways. Common to both sets were the activation of the cytokine-cytokine receptor interaction, the chemokine signaling pathway, osteoclast differentiation, the NF-κB signaling pathway, human T-lymphotropic virus type I (HTLV-I) infection, and the inactivation of the NOD-like receptor signaling pathway.

*P* value is a Bonferroni-adjusted global *P* value.

A closer investigation of the cytokine network found that 10 cytokines were significantly differentially expressed in one sample or the other ([Fig. 3A](#fig3){ref-type="fig"}). All of these cytokines were upregulated, except BMP4, which is responsible for the regeneration of epithelial cells. The upregulation of a granulocyte/macrophage colony-stimulating factor (CSF2) stimulates stem cells to produce granulocytes (neutrophils, eosinophils, and basophils) and monocytes. The CXC cytokines that were upregulated (CXCL1, CXCL2, CXCL3, IL-8) are chemotactic for neutrophils, and all of the CXC chemokines upregulated act as agonists for the same receptor. TNF, TNFSF9, and TNFRSF9 were upregulated and act as proapoptotic signals or receptors, as well as promote leukocyte chemotaxis through the induction of proinflammatory cytokines ([@B35]). CCL20, a CC motif cytokine, is weakly chemotactic for neutrophils and strongly attractive for lymphocytes. Taken together, the cytokines act collectively to induce the activation and long-term survival of neutrophils. This upregulation indicates that bacterial secretions have caused the IEC to signal the adaptive immune response due to the secretomes of these nonpathogenic bacteria.

![(A) Activation of the cytokine-cytokine receptor interaction pathway in incubations with BL21 or W3110. The schematic shows cytokines (ovals) and cytokine receptors (polygons) upregulated only by incubation with BL21 (blue) or only by incubation with W3110 (red). Incubations with either *E. coli* strain (purple) or with no change in regulation by either *E. coli* strain (gray) is also shown. (B) Schematic of genes involved in the canonical NF-κB pathway, adapted from the KEGG. Gene expression levels upregulated (green) and unaffected (gray) by incubations with both BL21 and W3110 compared to expression levels in medium alone are shown.](mbo0011521970003){#fig3}

BL21 and W3110 activate the NF-κB pathway and its negative-feedback components. {#s1.3}
-------------------------------------------------------------------------------

The NF-κB pathway is an integral part of the immune response and functions as a protein complex that controls DNA transcription. To prevent uncontrolled inflammation, it is thought that the negative-feedback mechanisms associated with PAMP receptor activation are upregulated to suppress the overproduction of inflammatory cytokines ([@B36]). Consistently with this hypothesis, the canonical NF-κB pathway was activated in both bacterial incubations, and the negative-feedback components (i.e., the Iκβα inhibitor) were upregulated as well ([Fig. 3B](#fig3){ref-type="fig"}).

The function of the NF-κB pathway is controlled by the inhibitor of kappa-B kinase (IKK) complex, which consists of NF-κB essential modulator (NEMO), IKK-α, and IKK-β. The IKK complex phosphorylates the Iκβα inhibitor, which causes its proteosomal degradation. The degradation of the Iκβα inhibitor leads to the free movement of NF-κB into the nucleus and subsequent initiation of gene transcription. In both the BL21 and W3110 incubations, the end products of the canonical NF-κB pathway were upregulated (inflammatory cytokines IL-8, TNF-α, and CXCL2), while the end products of the atypical NF-κB pathway (e.g., apoptosis regulator Bcl-XL) were unchanged. This indicates that the bacterial secretomes stimulated the HCT-8 immune response through the canonical NF-κB pathway and that possible microenvironmental conditions, such as hypoxia, which activate the atypical NF-κB pathway ([@B37]) did not elicit an immune response.

Critically, Iκβα inhibitor, which is integral to the negative feedback in the NF-κB pathway, was upregulated in both the BL21 and W3110 incubations. Additionally, the NOD-like receptor pathway was inhibited in both pathways, with its negative-feedback response regulator, TNFAIP3, also upregulated in both bacterial samples. NOD-like receptors (NLRs) act as cytosolic sensors and, once activated, subsequently activate a receptor-interacting protein (RIP). TNFAIP3 acts as the negative regulator of RIP, thereby quenching the signaling cascade despite the continued presence of agonists of NLRs ([@B38]). TNFAIP3 has also been shown to be a critical negative-feedback regulator of the NF-κB pathway ([@B39]). The activation of the NF-κB pathway and the negative-feedback regulators Iκβα inhibitor and TNFAIP3 suggest that components of the bacterial secretions act as a stimulus to the immune system and that the epithelial cells have coincidently upregulated the negative-feedback components to prevent uncontrolled inflammation from this nonpathogenic encounter.

Upregulation of gene expression by bacterial secretomes does not translate into increased cytokine protein expression. {#s1.4}
----------------------------------------------------------------------------------------------------------------------

Using a 12-cytokine multianalyte enzyme-linked immunosorbent assay (ELISA) kit, we surveyed two of the upregulated cytokines from incubations with BL21 and W3110 (TNF and IL-8) as well as 10 other cytokines involved in inflammation. We found that while inflammatory cytokine gene expression was upregulated at the transcriptional level, there was no concomitant increase in secretion (see [Fig. S3](#figS3){ref-type="supplementary-material"} in the supplemental material). This finding is supported by Kamada et al., who similarly used a transwell model and found that IL-8 secretion was unchanged in the IEC line HCT-15 when cells were incubated with *E. coli* K-12 strain DH10β for 4 h ([@B18]). These results indicate that the transcriptomic upregulation is quenched either posttranslationally or through the upregulation of negative-feedback mechanisms, such as NF-κB and NOD-like signaling pathways.

BL21 and W3110 cause differential expression in genes responsible for tissue structure. {#s1.5}
---------------------------------------------------------------------------------------

Since the bacterial secretome includes components such as LPS, an activator of osteoclastogenesis, to enhance bone resorption in both *in vitro* and *in vivo* studies ([@B40], [@B41]), differential expression of genes responsible for tissue structure was expected. Both BL21 and W3110 resulted in the activation of the osteoclast differentiation signaling pathway. CTSK, an end product of this pathway, was upregulated in incubations with both BL21 and W3110 and encodes the protein cathepsin K, a protease that breaks down elastin, gelatin, and collagen, which are critical components of bone and cartilage. Furthermore, in the cytokine-cytokine receptor pathway, the downregulation of BMP4 induces increased epithelial stem cell renewal. Collectively, these transcriptional differences indicate that the epithelial cells have been insulted by the bacterial secretomes, causing the upregulation of genes responsible for cell renewal.

Strain-specific differentially expressed genes. {#s1.6}
-----------------------------------------------

BL21 and W3110 are, respectively, derivatives of the B and K-12 strains of *E. coli*, which comprise the majority of all laboratory strains. Despite the similarity of their genomes, B strains and K-12 strains show marked phenotypic differences. B strains grow faster in minimal medium and have lower acetate production ([@B22], [@B23]). Furthermore, while B cells produce smaller amounts of intracellular proteases (e.g., Lon, ClpA, and ClpP), they secrete higher total levels of extracellular proteins, mainly through their type II secretion pathway. K-12 strains have higher levels of expression of genes for heat shock proteins and flagella, which provide motility, and they more ably survive stress insults (e.g., osmolarity and pH) than W3110 ([@B22]). A closer investigation into the differential regulation caused by each strain illustrates that they affect the directionality (i.e., upregulation or downregulation) of their gene expression in similar manners. Of the 214 DE genes that are common in incubations of BL21 compared to blank media and W3110 compared to blank media, 100% of them were regulated in the same manner (i.e., upregulated or downregulated). [Figure 4](#fig4){ref-type="fig"} shows a heatmap of the two strains organized by the 25 most up- and downregulated genes in the BL21 coincubation. The similarity in gene expression to that in incubations with W3110 was striking, with many cytokines being the most upregulated genes.

![Heatmap of the 25 most upregulated (green) and downregulated (red) genes in HCT-8 in incubations with BL21 compared to their levels of expression in medium alone and in incubations with W3110 compared to blank medium. The trace line (white) indicates the direction and extent of differential expression. Differential expression levels are similar between incubations of BL21 and W3110, and 100% of differential expression is regulated in the same manner (i.e., up- or downregulated). DESeq was used to identify differential expression, and all genes listed have a Benjamini-Hochberg-adjusted *P* of \<0.05. Cytokines, including IL-8 (red text), were among the genes most upregulated.](mbo0011521970004){#fig4}

While both strains showed similarity in fold change expression levels and directionality of regulation, we found that the amplitude of the up- and/or downregulation was higher in BL21 incubations. This trend was also subtly revealed by more carefully considering the results from [Fig. 2C](#fig2){ref-type="fig"}. Of the 214 DE genes that were common to incubations of BL21 compared to blank medium and W3110 compared to blank medium, 96 were upregulated, and 76 of these (79.1%) were more upregulated in the BL21 sample. Of the 118 genes downregulated in common, 75 (63.5%) were more downregulated in the BL21 sample. There were 280 DE genes between incubations of BL21 compared to W3110 ([Fig. 2D](#fig2){ref-type="fig"}), and of these genes, 225 (80.3%) were differentially expressed to a greater amplitude in incubations with BL21. Of particular importance is the gene for IL-8, a proinflammatory cytokine, as it shows greater abundance in incubations with BL21 than with W3110 ([Fig. 5](#fig5){ref-type="fig"}). These expression level differences indicate that secretions from BL21 induce a greater epithelial cell response than secretions from W3110. Importantly, cell densities of inocula were identical, as were the final optical densities (data not shown).

![NGS sequenced reads mapped the annotated IL-8 gene as visualized in the Integrative Genome Viewer (IGV). The IL-8 gene is shown at the bottom, with four exons separated by three introns. Each read is represented by a blue square, and the abundance of reads under each condition (BL21, W3110, or medium alone) is shown. HCT-8 incubations with W3110 show a greater abundance of IL-8 transcription than incubations with medium alone, while incubations with BL21 illustrate higher levels than W3110. One representative replicate sample of each condition is shown.](mbo0011521970005){#fig5}

We then sought to investigate the cause of the greater perturbation caused by BL21 than by W3110. Because of the use of the transwell, the phenotypic differences that require direct interaction can be ignored, and we can focus on secretable substances. One possible candidate, LPS, is more highly expressed in BL21 than in W3110 ([@B22]), and it is well known that LPS has inflammatory effects on cytokines ([@B42], [@B43]) and, through them, activates NF-κB in colonic IECs ([@B44]). However, in colonic epithelial cells, the addition of the cytokine IFN-γ to IECs is needed to express myeloid differentiation protein 2 (MD-2), which is required for LPS responsiveness ([@B34], [@B42]). Furthermore, priming of IFN-γ with subsequent LPS exposure shows a transient upregulation of IL-8 that returns to baseline levels after 6 h, which is the time period used in this study. On the other hand, BL21 produced much more extracellular AI-2 than W3110 (\~35 µM compared to 8 µM \[see [Fig. S4](#figS4){ref-type="supplementary-material"} in the supplemental material\]), and BL21 cells do not express the ABC transporter for uptake of the quorum-sensing signal molecule autoinducer 2 (AI-2) or the intracellular kinase that sequesters AI-2 inside the cell ([@B45]). The fact that BL21 showed much better the effect of AI-2 on colonic cells is of particular interest not only because the highest concentrations of bacteria are found in the gut but also because eubacteria are almost entirely concentrated in this area of the GI tract ([@B8]). Furthermore, the LuxS/AI-2 production system is highly conserved among the eubacteria ([@B46][@B47][@B48]); therefore, we chose to investigate the effect of AI-2 on IECs. While we have shown that the robust transcriptional responses of epithelial cells to BL21 and W3110 are similar, the slightly greater amplitude shift in BL21 may be caused by the much higher levels of AI-2 in BL21. We then sought to tease out this small effect from the overall systematic responses elicited from the secretome.

AI-2 initiates upregulation of inflammatory cytokines before downregulation. {#s1.7}
----------------------------------------------------------------------------

Bacteria secrete and detect small molecules or autoinducers to coordinate gene expression in a cell density-dependent manner (known as quorum sensing \[QS\]). These QS molecules are produced throughout the eubacterial hierarchy and influence characteristics such as swarming motility, biofilm formation, and virulence, among others (reviewed in references [@B49] to [@B52]). The terminal synthase for one prevalent autoinducer, AI-2, has been found in over 80 species ([@B46], [@B47]).

Studies have shown both beneficial and deleterious effects of QS molecules on human epithelial cells. *N*-3-(Oxododecanoyl)-[l]{.smallcaps}-homoserine lactone (OdDHL) produced by *Pseudomonas aeruginosa* induces apoptosis in many mammalian cell types ([@B53][@B54][@B55]), while indole has been found to decrease inflammation in IECs by attenuating IL-8 production, reducing TNF-α-mediated NF-κB activation, and tightening cell junctions ([@B4]). Investigations into interkingdom effects of AI-2 on human cells have been limited to one study, where Bryan et al. performed microarray studies of alveolar cells exposed to AI-2 at 50 µM and found only 4 genes with over 2-fold changes in expression ([@B56]).

We chose to investigate the effect of AI-2 directly on IECs and have performed a time course analysis using a range of AI-2 concentrations: 50, 150, and 400 µM. It must be noted that the levels of AI-2, or any other quorum-sensing metabolite, are unknown in the GI tract. However, indole has been found in human feces at concentrations ranging from \~50 to 1,100 µM ([@B57], [@B58]), and interkingdom studies have used a range of concentrations from 0.4 to 250 µM for the AI-1 molecule OdDHL ([@B54][@B55][@B56]). In our study, 50 µM AI-2 was chosen, as it is the concentration used in the only previous interkingdom study ([@B56]) and is a level approximating that used in our coincubation studies with BL21, which exposed the HCT-8 cells to much higher levels of AI-2 than those cells incubated with W3110 ([Fig. S4](#figS4){ref-type="supplementary-material"}). One hundred fifty micromoles represents the upper limit reached by standard LB cultures of *E. coli* BL21 ([@B59]). Finally, since it has been shown that higher concentrations of eubacteria can populate the colon than can be reached *in vitro* ([@B8]) and that QS molecules can reach much higher levels in biofilms (\~600 µM) ([@B60]), we also selected 400 µM AI-2 as a possible representation of high local QS molecule concentrations.

Thus, we exposed HCT-8 cells to 50, 150, and 400 µM AI-2 for 6, 12, and 24 h. We performed AI-2 assays on samples after 24 h and found that significant quantities of AI-2 were still present (data not shown). After the RNA was harvested, we found that IL-8, a proinflammatory cytokine that is chemotactic to neutrophils, was moderately upregulated, with the average fold changes for all three concentrations totaling 2.29 and 1.69 at the 6- and 12-h time points, respectively, before being downregulated (−1.98) compared to their expression in blank medium for all three concentrations ranges at 24 h ([Fig. 6](#fig6){ref-type="fig"}). This trend was consistent with that of the secretomes and was found at all 3 concentrations. Interestingly, the same trend but with lower amplitudes was found for TNF and CSF2 at some concentrations ([Fig. S5](#figS5){ref-type="supplementary-material"}). It is hypothesized that the interplay between host and the microbiota is tightly regulated and that microbial metabolites induce changes in the host signaling pathways, which are restored through negative-feedback loops ([@B24]). The initial upregulation of IL-8 expression levels with exposure of BL21 and W3110 to the HCT-8 cells, followed by abatement to lower levels, is consistent with this hypothesis.

![HCT-8 cells were incubated with AI-2 at 50, 150, and 400 μM for 6, 12, and 24 h; expression levels are normalized to those with medium alone. At early times (6 and 12 h), incubations with AI-2 result in an upregulation of IL-8 gene expression compared to expression in medium alone, while at 24 h, IL-8 expression levels are downregulated compared to levels in medium alone. qPCR fold level changes are shown. †, *P* \< 0.10; \*, *P* \< 0.05; \*\*, *P* \< 0.01.](mbo0011521970006){#fig6}

DISCUSSION {#h2}
==========

Investigations into interkingdom communication in the GI tract can aid in treatment for diseases such as inflammatory bowel disease, which arises from the immune system, causing inflammation from commensal bacteria, and colorectal cancer, which is believed to be promoted through chronic inflammation. In this study, we have shown for the first time that bacterial secretions from nonpathogenic *E. coli* cells upregulated a number of proinflammatory pathways in IECs, leading to the transcription of cytokines involved in recruiting leukocytes, particularly neutrophils. The activation of biological-defense-related pathways from secretions of two different strains of *E. coli*, BL21 and W3110, illustrate that direct contact from flagella, membrane-bound proteins, or secretion systems are not necessary to induce an immunological response from IECs. That is, we have shown that *E. coli* secretions cause the upregulation of proinflammatory cytokines through the activation of the mediation pathway NF-κB, indicating that the immune response was elicited through bacterial secretions.

Our results also show that the negative-feedback components of the NF-κB pathways (Iκβα inhibitor) and NOD-like receptor pathways (TNFAIP3) were upregulated in the HCT-8 cells, indicating a negative-feedback loop to control the upregulation of cytokine gene expression from nonpathogenic *E. coli*. Iκβα inhibitor acts to block the canonical and atypical NF-κB pathways, and its upregulation directly inhibits the transcription of cytokines. TNFAIP3 is a negative regulator of the NOD-like receptor pathway, the intracellular sensing mechanism corollary to the extracellular TLR sensing mechanism. The inhibition of the NOD-like pathway suggests a response to block the signaling cascade of bacterial products that were transported into the mammalian environment. The upregulation of these negative-feedback components may suggest that IECs are preventing the physiological response from developing into a pathological response.

While both bacteria elicited similar responses, BL21 appeared to cause greater perturbations in HCT-8 cells. As noted above, phenotypic differences between BL21 and W3110 include flagella, LPS, heat shock proteins, metabolic byproduct secretions, and AI-2 production. Our investigations into the interkingdom effects of AI-2 revealed a moderate, but significant, upregulation in IL-8 at both 6 and 12 h, followed by a significant downregulation at 24 h. Like the results from the full secretome, this may indicate that AI-2 as a single signal molecule has an inflammatory effect but that after some period of modulation, the IEC inflammation is controlled through negative feedback to prevent a pathological response to a nonpathogenic stimulus.

In conclusion, while it may be expected that bacterial secretomes affect IECs and immune function in the gut, our study has demonstrated that a bacterial-bacterial signaling molecule also influences the same. That is, IECs evidently "listen in" on the communication between bacteria that reside in the lumen and alter their behavior based on these signaling phenomena. Further exploration of the effects of bacterial soluble factors on IECs will aid in the understanding of microbial disease, and modulation of existing interkingdom signaling networks may result in novel methods to combat infections.

MATERIALS AND METHODS {#h3}
=====================

HCT-8 incubations with bacteria. {#s3.1}
--------------------------------

HCT-8 cells were plated in 6-well culture plates (Fisher Scientific) at a seeding density of 750,000 cells per well (375,000 cells/ml) in 10% (vol/vol) horse serum RPMI 1640 medium (ATCC). The culture was grown to confluence for 48 h at 37°C in the presence of 5% CO~2~ humidified air. A 0.4-µm transwell (Becton, Dickinson) was placed in each culture plate, and BL21 (2.6% overnight culture) or W3110 (2.6% overnight culture) in 1.5 ml of RPMI 1640 medium was added. RPMI 1640 medium alone was added as a negative control. The coculture was then incubated for 6 h at 37°C in the presence of 5% CO~2~ humidified air. After incubation, the transwell and enclosed medium in the upper chamber were discarded, and the medium of the lower chamber was removed and harvested for the *Vibrio harveyi* BB170 AI-2 activity assay and ELISAs. The RPMI 1640 medium is supplemented with phenol red, and there was no change in color in the lower chamber, indicating that there were no significant pH changes during incubation. RNA was extracted with the RNAqueous kit (Invitrogen), and eluted RNA was stored at −80°C until thawed for sequencing and qPCR.

HCT-8 incubations with AI-2. {#s3.2}
----------------------------

HCT-8 cells were plated and cultured in similar manners as described above. Synthetic AI-2 (10 mM) in water was generously provided by the Sintim Research Group. AI-2 at 50, 150, and 400 µM in 2 ml of fresh RPMI 1640 medium was incubated with HCT-8 cells for 6, 12, and 24 h.

AI-2 activity assay. {#s3.3}
--------------------

After incubation for 6 h under the respective conditions, the media of the HCT-8 cells were harvested and tested for the presence of AI-2 by inducing luminescence in *Vibrio harveyi* reporter strain BB170, a procedure outlined by Bassler and coworkers ([@B61]). Briefly, BB170 was grown for 16 h with shaking at 30°C in Autoinducer Bioassay (AB) medium and kanamycin, diluted 1:5,000 in fresh AB medium and kanamycin, and aliquoted to sterile 12- by 75-mm tubes (Fisher Scientiﬁc). The medium of each condition was added to a final concentration of 10% (vol/vol) to these tubes. Luminescence was measured by quantifying light production with a luminometer, and obtained values were in the linear range. Values represent fold changes from the negative control. All conditions were analyzed in triplicate.

qPCR. {#s3.4}
-----

RNA was synthesized to cDNA using the BIO-73005 SensiFAST SYBR Hi-ROX one-step kit. For the selected candidate genes, primers were taken from the literature or designed using PrimerQuest (primers are listed in [Table S4](#tabS4){ref-type="supplementary-material"} in the supplemental material). Βeta-2-microglobulin (β2M) was used as a housekeeping gene, and qPCR was performed on the 7900HT real-time PCR system (Applied Biosystems) with thermal conditions of 10 min at 45°C, 2 min at 95°C, and 40 cycles of 5 s at 95°C and 20 s at 60°C. The relative gene expression level of each target gene was then normalized to the mean expression of β2M in each group. The control for each gene expression sample set was selected to be the 0 µM AI-2 samples at each time point. Fold change was calculated using the change in threshold cycle (ΔΔ*C~T~*) comparative method. Data from all the studies were analyzed using analysis of variance. Samples were tested in triplicate, and standard deviations are reported (*n =* 3).

RNA downstream analysis. {#s3.5}
------------------------

Each sample's reads were aligned to the RefSeq annotated human genome hg19 using the software TopHat ([@B27]). These read abundances were then output into DESeq ([@B29]), an open-source program in R that analyzes the statistical significance of differential expression. The abundances of sequenced reads, "counts" of each gene, were input into DESeq, a software that uses variance, transcript abundance, and fold change to determine differential expression, normalized by the size of each sample's cDNA library. A modified Fisher exact test with data fit to a negative binomial distribution of the DESeq package was used to identify the differentially expressed genes. Differentially expressed genes were output to SPIA ([@B30]) to evaluate pathway activation.

ELISA. {#s3.6}
------

Cell culture supernatants of HCT-8 cells in transwell incubations with BL21, W3110, and medium alone were harvested and subsequently assayed with the human inflammatory cytokine multianalyte ELISArray kit MEH-004A (Qiagen).

SUPPLEMENTAL MATERIAL {#sm1}
=====================
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qPCR validation of RNA-Seq results show high correlation for a range of expression levels. Download

###### 

Figure S1, DOCX file, 0.1 MB

###### 

Significantly differentially expressed genes and expression levels from DESeq are input into SPIA (signaling pathway impact analysis) to determine activation and inhibition of entire biological pathways. Download

###### 

Figure S2, DOCX file, 0.3 MB
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Multianalyte ELISAs were performed on cell culture supernatants of HCT-8 cells in transwell coincubations with BL21, W3110, and medium alone. Download
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Figure S3, DOCX file, 0.5 MB
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AI-2 concentration levels in the HCT-8 supernatant from incubations with BL21 and W3110. Download
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Figure S4, DOCX file, 0.2 MB
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HCT-8 cells were incubated with AI-2 at 50, 150, and 400 µM for 6, 12, and 24 h. Download
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Figure S5, DOCX file, 0.2 MB
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Expression level differences between incubations with BL21 and medium alone determined by DESeq software.

###### 

Table S1, DOCX file, 0.7 MB
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Expression level differences between incubations with W3110 and medium alone determined by DESeq software.

###### 

Table S2, DOCX file, 0.6 MB

###### 

Expression level differences between incubations with W3110 and BL21 determined by DESeq software.
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Table S3, DOCX file, 0.4 MB

###### 

Primers used for SYBR green qPCR.

###### 

Table S4, DOCX file, 0.1 MB
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